ABSTRACT This paper presents a thorough literature review on the fault mechanism and diagnostic techniques for a range extender hybrid electric vehicle, which is one of the most feasible electric vehicles. However, extensive fault diagnosis research has been done on the diesel engine or a generator, but studies on the range extender are still limited, which is a coupling device of an engine-generator shaft. It has many coupling faults except to the single failure mode of the diesel engine or the generator. In this paper, the research development of the fault mechanism and fault diagnosis has been reviewed and analyzed. In addition, the trends in fault diagnosis technologies have been discussed, which provides a theoretical foundation for the engineering application of the condition monitoring and fault diagnosis of the electric vehicle range extender.
I. INTRODUCTION
Due to the environmental pollution and plight of energy shortage, development and usage of new energy vehicles has been one of the critical methods to advance the transition to clean energy of automobiles in China [1] . According to the report from the government [2] , new energy vehicles has been defined as a leading and an emerging industry in the national economy of China. The electric vehicle, as one of the new energy vehicles, has many advantages [3] , such as no gas required and no emissions. However, limited running mileage, one of the main shortcomings of full-electric vehicles, has limited their widespread use. Therefore, most automobile manufacturers have placed a major emphasis on the Range Extender Hybrid Electric Vehicle [4] - [6] , which relies on the extended range and power battery pack as an energy source and is driven by a pure electric motor. As illustrated in Fig. 1 , the square box represents the mechanical device, and the round box represents the electrical device, and the range extender is circled by a red frame. The two main types of range extenders are the fuel-cell type and engine-generator type. Due to the obstacle in science technology and engineering application of the fuel-cell type range extender, this study will focus on the engine-generator type range extender [7] , [8] .
The range extender is a complex coupling component, which has to suffer he combined effects of gas explosion pressure, piston rod reciprocating inertia force, self-excited inertial excitation, and electromagnetic parameters excitation. This not only leads to a complex non-linear vibration phenomenon, but also results in a complex coupling relationship of mechanical, electrical, and liquid. In addition, as the designed capacity of the battery usually can meet the requirements of daily mileage, electric vehicle do not need to start in short-distance traveling, and the reliability and safety of the electric vehicle might be affected the failure of the range extender cannot be detected in time and occurred [9] . Moreover, the engine failure might easily cur due to its usually operating under rated conditions as it operates to extend the driving range only when the battery runs low. Therefore, the dynamic performance of extended range will directly affect the traction performance, economy, comfort, and reliability of the hybrid vehicle. As a coupling component of the diesel engine and generator, the range extender has a wide range of faults. For example, single and coupling failures might breakdown separately and simultaneously, where single failure occurs when a system or a component losing of the capability to perform its intended safety function and any consequential failure resulted from it, while coupling failure happens as more than two faults existing in a system and each of them has interacted with others.
In general, the failure modes can be divided into two categories, single component with multi-fault coupling failures, and multi-components with multi-fault coupling failures. The most common case for the former is the coupling failure of the rotor bearing system, in which the faults of unbalance, misalignment, rotor crack, oil film instability, foundation loosening, eccentricity, thermal unbalance, fluid induced selfexcited vibration, or dry friction can lead to the occurrence of rubbing, a secondary effect, which could further result in the impact of thermal effect and dry friction phenomena. When more than two parts failure occurs with coupling among these failures, the latter one happens. For example, the inconsistent operation stability in the generator, which has a relatively stable movement during smooth rotation of the rotor and the engine. However, a relatively unstable movement might occur due to inconsistent of combustion and the characteristics of crank-connecting rod mechanism. In addition, the odds of coupling failure of the engine-generator shaft might be promoted if there is a coaxial deviation, which could result from the installation of engine and generator, or may be formed in the actual operation.
Due to the complex structure and mechanism, the uncertainties of parameter and structure, the dynamic time-varying characteristic, and the serious coupling, it is not difficult to understand that the faults of the extended range are usually complex, uncertain, and non-linear. Traditional fault diagnosis is usually completed by experts based on their professional technicians and diagnostic. However, it's clearly unrealistic for them to analyze huge data due to the equipment with high automation degree. Therefore, it is critical to investigate the evolution mechanism of failure and propose the diagnosis methods from single fault to coupling fault by studying the particularity and complexity of the fault diagnosis of range extender, which is of great significance in reducing the vibration and noise, and improving the safety, reliability and economy of the extended-range electric vehicle. The fault mechanism analysis for range extender provide a theoretical basis for failure diagnosis, the chart is shown in Fig. 2 . 
II. FAILURE MECHANISM ANALYSIS
Failure mechanism analysis is a process of determining the cause of the failure of equipment by analyzing the collected data from failed components [10] , [11] . Its initial study was based on the analyzing the harmonic wave of the vibration response of rotating parts under the excitation of matching surfaces with changed surface geometry. Then, a fault diagnosis technique based on dynamics mechanism study was proposed in the 1970s [12] , and another one was developed in late 1980s which depended on demodulated resonance technique (DRT) [13] . Nowadays, the studies about it have been advanced in the aspects of friction, self-excited vibration and bearing dynamic instability. The details are shown below.
A. ENGINE FAILURE MECHANISM ANALYSIS
The critical aspect in engine failure analysis is the dynamics study of crankshaft system [14] , which could prevent crankshaft fracture by avoiding the resonance of crankshaft through analyzing the crankshaft vibration mechanism, as shown in Fig. 2 . The classical algorithm of calculating the crankshaft natural frequency of the low-order torsional vibration was developed by Germany Holzer, and this method was with named as Holzer table method. Then, the accuracy of results was improved by applying Finite Element Method (FEM) into the dynamic analysis of the crankshaft. Following that, various numerical simulation models have been developed, and lots of analytical methods have been proposed, including vibration superposition method, modal analysis method and multibody dynamics method [15] , [16] .
1) COMPUTATIONAL MODEL
It is known that crankshaft is a very strong nonlinear vibration moving system due to its special spatial structure and the periodic load applied on it [14] . In order to facilitate the VOLUME 5, 2017 analysis of vibration characteristics, such as inherent frequency and mode, the crankshaft is usually simplified into a suitable mechanical model. According to the available studies, the two main crankshaft models used are lumped parameter model and distribution parameter model [17] , [18] , As shown in Fig. 3 and Fig. 4 . In lumped parameter model, the crankshaft shaft is simplified as a massless elastic shaft and discs with a concentrated moment of inertia. As shown in Fig. 3 , the frame represents the crank front, crank throw, and crank end. The comparison of the four models of the crankshaft is listed in Table 1 . [17] , (b) the step shaft model [17] , and (c) the Finite Element Model [18] .
2) CALCULATION METHODS
There are various calculation methods available for different kinematic models of the engine shaft, and the comparison of them are listed in Table 2 .
B. GENERATOR FAILURE MECHANISM ANALYSIS
In the assembly of engine-generator module, the vibration problems of the shaft system can be divided into self-excited vibration and forced vibration. Generally, the vibratory frequencies and modes of the generator shaft system are usually studied by mathematical modeling method and finite element simulation method. Using mathematical modeling method, Chen et al. [19] conducted the simulation of the steady process and dynamic process of the generator by building the simulation model in the AMESim based on the mathematical physics equations of the components. In addition, Chen [20] studied the generator rotor winding short-circuit fault through a model built according to the parameter formula. Moreover, Shi [21] investigated the fault propagation characteristics of the generator using a fault topology model established by MATLAB according to the differential equations of motion.
As FEM has a strong adaptability, it has been widely used to simulate and compute the nonlinear behavior of complex systems. By finite element modeling method, Li [22] analyzed the main factors influencing the vibration of generators. Chen [23] revealed the relationship between the dynamic balance of the rotor and the vibration of the generator using FEM. In addition, Wang [24] studied and optimized the factors influencing the vibration performance of the generator according to the finite element dynamics theory.
Many scholars have made some failure mechanism studies on the engine and generator, but less on the engine-generator components. Moreover, most of those researches are based on large-scale generating units, such as wind turbine unit, and less on small-scale generating units, especially in electric vehicles. So it is necessary to carry out relevant studies.
C. COUPLED FAULT ANALYSIS
Many failures, such as rubbing, looseness, crack, and misalignment, can occur in the engine-generator shaft system due to inaccurate structure, improper assembly, and the effects of non-linear alternating excitation forces [25] . The interaction and coupling of these failures make the system presenting a complex nonlinear vibration characteristics.
1) SINGLE COMPONENT WITH MULTI-FAULT COUPLING a: CASE 1: OIL FILM INSTABILITY-RUBBING COUPLING FAULT
In a rotor-bearing shaft system, due to the rotation of the rotor and the viscosity of the oil film formed in the gap between the rotor and the bearing, a tangential force will be formed in the oil film which could reduce the damping effect of the bearing [26] . The tangential force will increase with the rotor speed increases, and an instability phenomenon will appear once the tangential force increased to a critical value, named as oil film instability [27] , [28] . This fault will result in serious low-frequency vibrations, and the superposition of them might lead to the rubbing of bearings. The dynamic model of rotor system with oil film instability-rubbing coupling fault is shown in Fig. 5(a) , and the tangential force is illustrated in Fig. 5(b) . Various studies have been performed to analyze the dynamic coupling of the lubricating oil film in the piston-connecting rod-crankshaft system [25] - [31] . And the dynamic characteristics of rotor-bearing system also have researched [32] - [36] . Chen et al. [34] studied the effect of lubricating oil on the dynamic behavior of the rotor system and found that the lubricating medium could cause some special phenomena in the rubbing system. Ma et al. [33] discovered that the nonlinear oil film force plays a decisive role in the vibration frequency of the system based on the analysis of oil film instability and local rubbing coupled vibration. By comparing the main bearing torsional vibration under considerations and without considering oil film, Yang et al. [32] concluded that considering the oil film dynamic coupling can improve the accuracy of system modeling. In addition, rotor response on the chaotic and quasi-periodic motion under the coupling of oil film force and rubbing force also have been studied by analyzing the dynamic behavior of the rubimpacted rotor system [36] . In a word, oil film lubrication is the main factor in studying the dynamic characteristics of the system. Considering the oil film dynamic coupling, the efficiency and precision of the system model can be improved.
b: CASE 2: CRACK-RUBBING COUPLING FAULT
The causes of the crack are mainly due to the material defects or fatigue cracks of long-period operations, and the crack will aggravate the rotor vibration, which may lead to rubbing phenomenon between the rotor and stator [25] , [35] , [37] . The dynamic model with coupling fault of crack and rub-impact is shown in Fig. 6 , which is used to study the dynamic response of rotor-bearing system.
Crankshaft with existing cracks has been studied by Taylor et al. [38] using the equivalent stiffness method, and he successfully predicted the fatigue limit for a crankshaft. By experimental study, Qi [39] found that the torsional vibration of the cracked shaft is larger than that without a crack. It also has been reported that the peak of the frequency response function and self-power spectrum of crankshaft torsional vibration are more sensitive to the crack [40] . Yang [41] studied the nonlinear dynamic characteristics of the system with crack and rubbing and discovered that with the crack propagation, the system response directly enters the chaotic motion from the high-power cycle. In addition, Lu et al. [42] discussed the influence of crack depth and crack location on the critical speed, and Yang et al. [43] analyzed the chaotic response characteristics of the initial bending crack system combining with the law of crack opening and closing. The above shows that the crack will reduce the stiffness of the shaft, so that the system has complex nonlinear dynamic characteristics. Moreover, the rich frequency of torsional vibration signal is difficult for fault diagnosis.
c: CASE 3: ROTOR LOOSENING-RUBBING COUPLING FAILURE
One of the common failure modes is looseness fault, which might result from improper installation or long-term vibrations [44] , [45] . Looseness fault is a common fault in rotating machinery, which is caused by manufacturing errors, thermal expansions or wear exists between the shaft and the bearing or the pedestal. When looseness fault exists in rotorsupport casing system, as showed in Fig. 6 , the rotor will be lifted up periodically. If the unbalanced force in rotor system is greater than the gravitational force, it will cause severe vibration, which may lead to rub-impact fault [46] , [47] . The dynamic model with pedestal looseness and rub-impact fault is shown in Fig. 7 . Muszynska and Goldman [49] revealed the non-linear characteristics in the motion behavior of the looseningrubbing rotor system. Simulation of loose fault by piecewise linear stiffness damping, Ma et al. [48] found that the rubbing is dominant in the coupling fault of loosening-rubbing. The characteristics and laws of rubbing under different loosening gaps are studied by Liu et al. [50] establishing the dynamic model of support loosening system. In addition, by analyzing the influence of different loosening stiffness and rubbing stiffness on the dynamic characteristics, he also reported that the rubbing fault caused by loosening usually has the highfrequency peak of time domain waveform alternately [51] . Moreover, the frequency doubling characteristics in the loosening fault system spectrum [52] , and the fractional frequency and frequency doubling characteristics of loosening faults rotor system with experiments [53] also have been studied. On the whole, it is found that the coupling fault is mainly based on the rubbing fault characteristic, and its coupling fault signal contains many characteristic frequencies. In addition, most of the studies are based on the fixed loosening gap, less on the rubbing characteristics in the loosening process.
d: CASE 4: ROTOR MISALIGNMENT-RUBBING COUPLING FAILURE
According to incomplete statistics, about 60% of faults in rotating machinery were caused by misalignment [54] . The gap between rotor and stator reduces gradually as the increase of efficiency, which makes the possibility of the rubbing faults caused by the misalignment of the coupling greatly amplifies [55] . The rotor misalignment includes bearing misalignment and coupling misalignment [56] . The dynamic model of rotor with coupling misalignment is shown in Fig. 8(a) , and the schematic diagram of rub-impact is illustrated in Fig. 8(b) . The characteristics and laws of the coupling failure under the misalignment-rubbing are studied by Chen and Li [57] . Through simulation of coupling misalignment with mutation and slowly varying, Li et al. [58] found that the amount of the coupling will cause the subharmonic vibration. A high-frequency component in the 2 times spectrum of the misalignment system vibration with the increase of the misalignment amount was discussed by Zhang et al. [59] In addition, Mithchell [60] investigated the effect of angular misalignment on the second and fourth frequency components of the coupling. Moreover, a method aimed at frequency aliasing was proposed to extract the time -frequency characteristics of misalignment -rubbing coupling fault [61] . In a word, the misalignment can cause the torsional vibration, frequency vibration and superharmonic resonance of the system. So an effective decomposition method is needed to extract the useful fault characteristics due to the rich frequency components of misalignment coupling fault. In addition, there are some other common coupling failures, such as cracks-loose, unbalanced-misalignment-rubbing, which are infrequent and will not discuss in detail here.
2) MULTI-COMPONENTS WITH MULTI-FAULT COUPLING FAILURES
One of the typical coupling failure models is Electromechanical coupling, in which the electromagnetic system and mechanical system interact through the air-gap electromagnetic field to affect the natural frequency and mode of the system. Therefore, the relationships among the inertia parameters, gas pressure parameters, and electromagnetic parameters are needed to be considered in the study of enginegenerator shaft vibration response.
Xiao and Zhang [62] discussed the effect of electromagnetic tension and bearing stiffness on the self-vibration characteristics and dynamic response. Yue et al. [63] revealed the discipline of mechanical and electromagnetic coupling on the effects of vibration. By investigating the dynamic characteristics of electromechanical parameters and shaft vibration, Zhao and Zhang [64] found that the electromagnetic parameters and the mechanical parameters induce the strong chaotic vibration. Chen et al. [65] reported that electrical system parameters had a great impact on the damping and frequency of the system's inherent torsional vibration mode after comparing the free vibration model, forced vibration model, and electromechanical coupling model. By theoretical and experimental methods, Qiu et al. [66] obtained that the electromagnetic stiffness induced zero-order natural frequency of the torsional vibration system. In addition, Zhang et al. [67] studied the vibration response and dynamic stability of generator shaft system under the coupling of the oil film force and the electromagnetic force. These studies indicate that the vibration characteristics of the electromechanical coupling system are very complex. Moreover, the electromagnetic parameters not only affect the model and natural frequencies of the system but also cause the diversification of mechanical parameters, such as oil film force, sealing force and other nonlinear force, which further results in the rich and various frequency of the coupling fault signal.
During operation, the range extender is not only affected by mechanical parameters and electromagnetic parameters such as oil film force, sealing force, rubbing force, electromagnetic force, but also by external conditions such as the installation accuracy, operating environment. This will leads to the occurring of multiple failures at the same time. Former studies on the coupling mechanism of the faults usually focus on rubbing, loosening, misalignment, crack, and less on the coupling faults of three or more. Besides, simulation is the most used methods while the practical application is relatively small in the studies. Therefore, more in-depth and systematic studies are needed.
III. FAULT DIAGNOSIS TECHNOLOGIES
In fact, fault diagnosis is the fault identification or classification, which determines the fault type by methods of failure signal processing and signal characteristic extraction based on the theory of data detecting and data processing [68] . Fig. 9 is the flow chart of the diagnosis technology of range extender, which mainly includes three aspects, signal acquisition of operation condition [68] , characteristic extraction of fault data collected, and the diagnosis of fault mode.
A. DATA COLLECTION
The secondary effect of the abnormal operation of mechanical equipment will be reflected in the operation signal, which has often been used to characterize the running status of the equipment. The parameters commonly used in enginegenerator fault diagnosis are shown in Table 3 . The signal can be collected through field tests or simulations, and the former approach would be more accurate and reliable.
B. CHARACTERISTIC EXTRACTION
Characteristic extraction (also called signal processing), is the process of converting the acquired signal into characteristic parameters to express the running status of the equipment. This is the key step in fault diagnosis as the signal characteristic must be comprehensive and valid. The common signal processing methods are listed as below.
1) TIME DOMAIN ANALYSIS
Time domain analysis, also known as time-domain waveform analysis, is mainly to reserve or filter out certain frequency components of collected signals [69] . Then, the basic characteristics of the signal can be reflected in the cycle, harmonics, pulse of time domain waveforms, the correlation function between the waveforms, or the calculus transform of the displacement, such as velocity and acceleration. Time domain analysis is the most simple and directive method. However, it only applies to certain types of signals, such as harmonic signals and shock signals.
2) FREQUENCY DOMAIN ANALYSIS
Frequency domain analysis is also named as spectral analysis [70] , which transforms the signal from time domain into frequency domain based on Fourier transform. It implements numerical analysis of signals in frequency domain analysis as the transformed spectral function is a function of frequency. The processing methods based on the fast Fourier transform (FFT) mainly include correlation analysis, coherent analysis, transfer function analysis, time series analysis, cepstrum analysis, and envelope analysis. However, only overall average information of the signal can be obtained from Fourier transform, as it is a global transformation. Therefore, there is no detail information about the characteristics of the components changing with time.
3) TIME-FREQUENCY ANALYSIS
Time-frequency analysis is suitable for analyzing of nonstationary or nonlinear signal as it can distinguish the slight change of the signal frequency in an extremely brief period by mapping the one-dimensional time signal to two-dimensional signal. The common time-frequency analysis methods are short-time Fourier transform (STFT), Wigner-Ville time-frequency distribution method, and wavelet analysis. According to former studies, the transient excitation components of non-stationary signal and timevarying signal has been extracted effectively using timefrequency analysis method [71] , and fault features extraction also have been implemented by filtering the vibration signal noise through wavelet analysis technology [72] . In addition, the frequency band-energy characteristic values for the motor fault diagnosis also have been obtained using the nonlinear processing ability of the wavelet packet [73] .
C. FAULT DIAGNOSIS
A system fails once it shows behavior different from its expected behavior, and a combination of effects of its faults can be represented by the values of the characteristic parameters extracted from the collected operating state using various methods [74] . By comparing the characteristic values with expected values stored in the database, the differences between them are used to locate the physical faults and identify the severity of failures. This process is called fault diagnosis [68] , [75] , which can be divided into model-based fault diagnosis and data-driven fault diagnosis [76] .
1) MODEL-BASED FAULT DIAGNOSIS
The earliest fault diagnosis methods are based on analytic models that built based on mathematical methods, which is similar to the controlled object and can reflect the characteristics of the controlled object. When running the controlled object and the model simultaneously, a deviation between them can be obtained by the equivalent space method and the parameter estimation method. The deviation will be analyzed to make a decision of the fault diagnosis according to whether it satisfies the fault judgment criterion. The flow chart of model based fault diagnosis is illustrated in Fig.10 . The advantage of this method is that the mathematical model is based on fully analyzing of the controlled object. However, there will be still some differences between the mathematical model and the controlled object as the mathematical model can only approach the controlled object infinitely. 
2) DATA-DRIVEN FAULT DIAGNOSIS
The data-driven method is based on the wide application of computer technology in various industries, which makes it feasible that the data in the fields of scientific research and industries can be recorded, transmitted and processed [77] - [79] . By computer, the characteristic information can be obtained from a large number of data to diagnose faults using data analysis methods, including machine learning, signal analysis, and statistical analysis. The flow diagram of data-driven fault diagnosis used in engine is illustrated in Fig. 11 . The data-driven methods can avoid the error resulted from the inaccuracy of the mathematical model. The three most commonly used methods are expert system method, neural network method, and support vector machines (SVM).
Expert system method is an intelligent computer program system developed according to the long-term practical experience and a large number of fault diagnosis information [80] . It mainly consists of three modules, knowledge databases used for storage of data and other information, reasoning machines containing various rules and procedures, and interactive interfaces for communicating between operators and knowledge bases, as shown in Fig. 12 . The well-developed reasoning mechanisms include approximate reasoning method developed by Zadeh, and the evidence theory proposed for Bayesian probability theory by Dempster and Shafer [81] , [82] . In addition, Yang and Kim [83] have improved the accuracy of fault diagnosis using fused neural network according to Dempster-Shafer evidence theory.
In neural network method, the faults are diagnosed by input the fault symptoms into the memorized relationship between the symptom and diagnosed results, which can be obtained by offline training of existed fault symptoms and diagnostic results through the network formed by a large number of neurons interconnected by certain rules.
In general, neural networks consist of an input layer, an output layer, and an implicit layer, the structure of neural network is presented in Fig. 13 . They have the characteristics of self-adaptive, self-organizing, self-learning and large-scale parallel processing, and distributed storage. The main neural networks include back-propagation (BP) neural network, radial basis function (RBF) neural network, adaptive neural network, and fuzzy neural network. In addition, a hybrid intelligent method based on particle swarm optimization and BP neural network also have been developed [84] , and an intelligent fault classification model was proposed, which based on integrated adaptive neuro-fuzzy inference [85] . Moreover, an on-line equipment fault diagnosis system using multiple adaptive neuro-fuzzy inference systems also have been developed [86] . Support Vector Machine (SVM) is a newly-developed machine learning method, which is based on the VC theory and structural risk minimization theory. It has been successfully applied to pattern recognition and regression problems. For example, SVM has shown a strong ability of classification in the multi-fault classification of diesel engines [87] , and a high fault diagnosis rate in fault diagnosis of the turbogenerator set [88] . SVM has the advantages of strict theory, strong adaptability, global optimization, high training efficiency, and good generalization performance in addition to very effective for low-dimensional data processing. However, SVM is difficult to calculate and store high-dimensional data.
The current fault diagnosis research mostly uses the single physical field information, such as vibration, speed, and temperature. However, the range extender is a composite component of machine, electricity, and liquid, whose failures are usually manifested in the multiple physical fields of stress, flow, electromagnetic and temperature. Therefore, just use one physical field parameters makes the state information incomplete, which may lead to the fault detection and misjudgment. Only by the comprehensive utilization of multiphysical field information complementation can improve the accuracy of fault diagnosis. Moreover, the use of data-driven intelligent fault diagnosis technology, such as expert systems, neural networks, and SVM, are often cross and complement each other. So with the degree of resources sharing increasing, VOLUME 5, 2017 it is necessary to establish a network fault diagnosis database of electric vehicle range extender and develop hybrid intelligent fault diagnosis system to meet the engineering application requirements. In the future, the hybrid intelligent diagnostic platform, which integrated the signal processing, artificial intelligence, and multi-information fusion will be the development tendency of the fault diagnosis technology of range-extender electric vehicle.
IV. CONCLUSION
Rapid developing of Range Extender Hybrid Electric Vehicle is one of the critical methods to advance the transition to clean energy of automobiles to improve the environmental pollution. There are a lot of studies on the fault diagnosing of the diesel engine and generator, which can provide a theoretical basis for the engineering applications of status monitoring and fault diagnosis of electric vehicle range extender. Based on the literature review, the main conclusions can be drawn as follows.
(a) The research on the failure mechanism of enginegenerator components is mostly based on large-scale generating units, and few on small-scale generating units, especially on the range extender of electric vehicles. (b) In general, the coupling mechanism of two faults are commonly studied, but less on the coupling faults of three or more. In addition, the researchers are mostly based on the simulation stage and relatively small on the practical application. (c) To improve the accuracy of fault diagnosis, a comprehensive technology utilizing multi-physical field information is needed to diagnostic the electric vehicle, due to complicated components of the range extender which contains of machine, electricity, liquid, and the failures of them are usually manifested in the multiple physical fields of stress, flow, electromagnetic and temperature. (d) It is necessary to build a hybrid intelligent diagnostic platform integrated the advantages of various intelligent fault diagnosis technology that meets the requirements of engineering application.
